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1T-TaS2 is a prototypical charge-density-wave (CDW) system with a Mott insulating ground
state. Usually, a Mott insulator is accompanied by an antiferromagnetic state. However, the
antiferromagnetic order had never been observed in 1T-TaS2. Here, we report the stabilization of
the antiferromagnetic order by the intercalation of a small amount of Fe into the van der Waals
gap of 1T-TaS2, i.e. forming 1T-Fe0.05TaS2. Upon cooling from 300 K, the electrical resistivity
increases with a decreasing temperature before reaching a maximum value at around 15 K, which is
close to the Neel temperature determined from our magnetic susceptibility measurement. The an-
tiferromagnetic state can be fully suppressed when the sample thickness is reduced, indicating that
the antiferromagnetic order in Fe0.05TaS2 has a non-negligible three-dimensional character. For the
bulk Fe0.05TaS2, a comparison of our high pressure electrical transport data with that of 1T-TaS2
indicates that, at ambient pressure, Fe0.05TaS2 is in the nearly commensurate charge-density-wave
(NCCDW) phase near the border of the Mott insulating state. The temperature-pressure phase
diagram thus reveals an interesting decoupling of the antiferromagnetism from the Mott insulating
state.
INTRODUCTION
Mott insulators are an important class of materials in
strongly correlated electron research. The sustained in-
terest in Mott insulators can be largely attributed to the
fact that several distinct families of superconductors are
found in their vicinity (e.g. Refs. [1–6]). In these sys-
tems, the superconducting phase arises when the Mott
insulating state is tuned away either by controlling the
band filling or by varying the bandwidth. For instance,
a Mott insulating phase in the twisted bilayer graphene
can be driven into a superconducting state by electro-
static doping the bilayer graphene at a magic twist angle
[5, 6].
1T-TaS2 is an interesting layered transition metal
dichalcogenide featuring a series of charge-density-wave
(CDW) transitions [7–10]. At very high temperature
(T > 550 K), 1T-TaS2 is metallic. Upon cooling, 1T-
TaS2 enters an incommensurate CDW (ICCDW) phase,
a nearly commensurate CDW (NCCDW) phase, and a
commensurate CDW (CCDW) phase at 550 K, 350 K
and 180 K, respectively. In the CCDW phase, the dis-
placement of the Ta atoms in the layer forms clusters
of David-stars, in which one Ta atom is located at the
centre of each David-star formed by 12 Ta atoms. Thus,
there is one unpaired 5d electron in each cluster which,
according to band theory, should give rise to a metallic
state. Therefore, the observed insulating behaviour in
the CCDW phase must be due to a Mott insulating state
driven by strong electron-electron correlations [10].
Various efforts have been devoted to tune the phases
in 1T-TaS2 [3, 11–15]. Under pressure [3, 15], the
CCDW/Mott state first disappears at around 10 kbar.
Superconductivity appears at ∼20 kbar. Concomitantly,
the NCCDW phase is rapidly suppressed. Interestingly,
the superconducting transition temperature (Tc) does
not vary significantly after reaching the maximum value
at around 40 kbar. This insensitivity to pressure despite
a vastly different normal state suggests the irrelevance of
superconductivity to CDW fluctuations. Nevertheless,
1T-TaS2 is another example in which the interplay be-
tween superconductivity and the Mott state can be rec-
ognized.
A long-standing puzzle in the studies of 1T-TaS2 con-
cerns the nature of the magnetism associated with the
CCDW/Mott state. Conventionally, a Mott insulator is
accompanied by antiferromagnetism (AFM), which has
never been conclusively observed in 1T-TaS2. An indi-
rect evidence of the antiferromagnetic order was provided
by an angle-resolved photoemission measurement, which
detected an unexpected periodicity in the quasiparticle
dispersion [16]. Furthermore, even in the absence of a
magnetic order, the local moments due to Ta atoms at the
centre of David-stars should result in Curie-Weiss tem-
perature dependence of the magnetic susceptibility. Al-
though such behaviour has indeed been observed recently
[17, 18], the Curie constant is rather small, indicating a
very small concentration of local moments. To explain
the enigmatic magnetic properties, Law and Lee pro-
posed that 1T-TaS2 is a quantum spin liquid [19]. Sub-
sequent thermal conductivity measurements show con-
tradictory results on the existence of the residual linear
term at zero field, which is sensitive to itinerant magnetic
excitations [20, 21]
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2The layered nature of 1T-TaS2 enables the intercala-
tion of atoms or molecules into the van der Waals gap
to tune the material properties [7]. In this work, we de-
scribe our success to intercalate Fe atoms with a nominal
concentration of 5% per formula unit to the 1T phase of
TaS2, i.e. forming 1T-Fe0.05TaS2. We show that the
ground state of 1T-Fe0.05TaS2 is antiferromagnetic. Fur-
ther analysis of our high pressure transport data shows
that we can construct a universal temperature-pressure
phase diagram for 1T-TaS2 and 1T-Fe0.05TaS2 where we
find that the antiferromagnetism is detached from the
Mott state.
METHODS
Single crystals of Fe0.05TaS2 were grown using the io-
dine chemical vapour transport method, with the hot end
of the quartz tube at 1000◦C and the cold end at 900◦C.
The purities of the elemental powders, in stoichiomet-
ric amounts, placed at the hot end were Ta: 99.98%,
S: 99.999% (metals basis), Fe: 99.998%. The interca-
lation nature of our crystals was confirmed by energy-
dispersive X-ray spectroscopy, as discussed in the ap-
pendix. The magnetic susceptibility was measured us-
ing a SQUID magnetometer by Quantum Design. High
pressure electrical resistivity was measured by a stan-
dard four-terminal configuration using a piston-cylinder
clamp cell in a Physical Property Measurement System
by Quantum Design or a dilution refrigerator by Blue-
fors. Glycerin was used as the pressure transmitting
medium and the pressure value was obtained by measur-
ing the zero-field superconducting transition of a piece
of Pb next to the sample. Thickness dependent resistiv-
ity measurements were made by mechanical exfoliation
of crystals onto highly doped Si/SiO2 substrates. The
thickness of individual flakes was determined by atomic
force microscope and selected flakes were then contacted
using standard lithographic techniques with Cr/Au con-
tacts. For the density functional theory calculations, the
optimized lattice structural parameters were obtained
using the Quantum Espresso package [22] with ultra-
soft pseudopotential and Perdew-Burke-Ernzerhof (PBE)
[23] exchange-correlation density functional. The plane-
waves kinetic energy cutoff of 50 Ry and a k-mesh of
25 × 25 × 12 were used. The electronic band structure
calculations were performed using the all-electron full-
potential linearized augmented plane-wave code WIEN2k
[24]. The parameter RminMTKmax was set to 7 and a k-point
mesh of 8000 in the first Brillouin zone was used.
RESULTS AND DISCUSSIONS
Figure 1(a) shows the temperature (T ) dependence of
the electrical resistivity (ρ) in Fe0.05TaS2 at ambient pres-
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FIG. 1. (a) Temperature dependence of the electrical re-
sistivity in Fe0.05TaS2 at ambient pressure and zero field.
The vertical arrow denotes the peak temperature of 15.7 K.
(b) Temperature dependence of the magnetic susceptibility
in Fe0.05TaS2. The data were collected with 50 Oe applied
along the c axis. The inset shows the same dataset plotted as
the inverse of the magnetic susceptibility against the temper-
ature. The dotted line is the linear fit of the data from 9.2 K
to 50 K. (c) Temperature dependence of the electrical resistiv-
ity in Fe0.05TaS2 under pressure. The data were collected on
cooling. The vertical arrow indicates TNCCDW at 13.9 kbar,
defined as the temperature at which dρ/dT is a local mini-
mum. The inset shows the low temperature region of ρ(T ) at
17.3 kbar, collected at 0 T, 1 T and 2 T. The field is along
the c axis. Tc,onset is defined as the temperature below which
ρ(T ) drops substantially (see the dashed vertical arrow).
sure. ρ(T ) increases monotonically on cooling from 300 K
to ∼15.7 K, before decreasing below ∼15.7 K. This peak-
like structure is not seen in the pristine TaS2 at ambient
pressure, in which ρ(T ) experiences a much stronger en-
hancement over several orders of magnitude upon cool-
ing from 300 K to 2 K (see e.g., [3, 15, 17]). Figure 1(b)
displays the T dependence of the magnetic susceptibility
(χ) in Fe0.05TaS2 measured in the zero-field cooled mode.
Interestingly, χ(T ) exhibits a peak at ∼8.9 K, charac-
teristic of an antiferromagnetic order. Such a peak-like
structure in χ(T ) is also not seen in the pristine TaS2, in
which χ(T ) follows the Curie-Weiss law with a very small
Weiss temperature down to the lowest temperature [17].
From both ρ(T ) and χ(T ), we conclude that the ground
state of Fe0.05TaS2 is antiferromagnetic, which is distinct
from that of the pristine TaS2, and we attribute the peak
in ρ(T ) to the onset of the antiferromagnetic order.
As mentioned in the Introduction, a central issue in
the study of the pristine TaS2 concerns the absence of
an antiferromagnetic order. In addition, an analysis of
magnetic susceptibility data of the pristine TaS2 revealed
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FIG. 2. Calculated Band 20 Fermi surface of the undistorted
1T-TaS2 (a) at ambient pressure, (c) at 20 kbar, and (d) when
the Fermi energy is shifted upward by 0.01 Ry relative to
the band structure at ambient pressure, i.e., EF = EF (p =
0) + 0.01 Ry. The first Brillouin zone and the high symmetry
points of 1T-TaS2 are shown in (b), and a
∗, b∗ and c∗ are the
basis vectors of the reciprocal lattice. c∗ is parallel to the kz
axis.
an effective moment that has been attributed to a very
small concentration of Ta spins. Assuming a g-factor
of 2, Ribak et al. estimates that only 1 out of 2450 Ta
moments contributes to the magnetic susceptibility [17].
Because our magnetic susceptibility data above 9.0 K
also follow a Curie-Weiss law χ = C/(T − θcw), we can
estimate the effective moment in the paramagnetic state
of Fe0.05TaS2 through the Curie constant C. In the inset
of Fig. 1(b), we plot χ−1 against T , from which we de-
termine the Curie constant C = 9.35× 10−2 emu K/mol
and the Weiss temperature θcw = −2.55 K. We obtain
an effective moment µeff = 0.865µB/f.u. from the Curie
constant. This effective moment is significantly larger
than the value of 0.035µB/f.u. estimated from the Curie
constant of 1T-TaS2 reported by Ribak et al. [17].
To gain further insight, it is instructive to compare
the relative position of Fe0.05TaS2 on the T -p phase dia-
gram of the pristine 1T-TaS2. Figure 1(c) shows ρ(T ) of
Fe0.05TaS2 under hydrostatic pressure. The overall resis-
tivity decreases with an increasing pressure. At 7.6 kbar
and 9.8 kbar, the ρ(T ) traces are qualitatively similar to
the ambient pressure data, apart from a flattening of the
peak at ∼15 K and a change of curvature near 300 K.
At 13.9 kbar, the resistivity exhibits a step-like increase
upon cooling across 280 K. Furthermore, a downturn be-
gins to develop near the base temperature of our mea-
surement. Both features are sensitive to applied pres-
sure. With a further increase of pressure, the step-like
increase occurs at a lower temperature, while the down-
turn becomes more pronounced.
Comparing with the ambient pressure resistivity data
of 1T-TaS2, the step-like increase of ρ(T ) in Fe0.05TaS2
can be attributed to a phase transition temperature from
an ICCDW state to a NCCDW state (TNCCDW), while
the low-temperature downturn that begins to develop at
high pressures can be regarded as signaling a supercon-
ducting transition. The inset of Figure 1(c) shows the
low temperature region of ρ(T ) at 17.3 kbar. The down-
turn can be suppressed when a magnetic field is applied.
Thus, this reinforces the view that the downturn is re-
lated to superconductivity despite the absence of a zero
resistance.
From Fig. 1(c), we can determine the pressure depen-
dence of TNCCDW, defined as the temperature at which
dρ/dT is a local minimum. Interestingly, TNCCDW in
Fe0.05TaS2 is suppressed at the rate of −3.7 K/kbar,
which is the same as that in the pristine 1T-TaS2 [3].
Analysis of the pressure dependence of TNCCDW suggests
that the intercalation of 5% Fe is equivalent to applying
∼13 kbar to the pristine 1T-TaS2. With this informa-
tion, we construct the T -p phase diagram (Fig. 4), where
the bottom axis is the pressure scale for 1T-TaS2 while
the top axis is the pressure scale with an offset of 13 kbar
for Fe0.05TaS2.
The observation that the effect of Fe intercalation is
similar to applied pressure is also supported by our den-
sity functional theory calculations. Figure 2(a) shows the
calculated Band 20 Fermi surface of the pristine 1T-TaS2
at ambient pressure, where six elliptical electron cylin-
ders are centered around the edges of the first Brillouin
zone. The high symmetry points in the first Brillouin
zone are shown in Fig. 2(b). When pressure is applied,
the elliptical cylinders expand and eventually touch each
other, resulting in a Fermi surface with a normal vector
along the kz direction at the zone center (Γ) (Fig. 2(c)).
The effect of Fe intercalation is usually understood in
the ‘rigid-band approximation’, in which the intercalant
is localized and donates charge to the host whose band
structure is unchanged [7]. Therefore, we can investigate
the effect of the Fe intercalation, which introduces elec-
trons [7], by raising the Fermi energy with respect to the
band structure of 1T-TaS2 at ambient pressure. A very
similar Fermi surface can be obtained (Fig. 2(d)). Thus,
the evolution of the electronic structure when Fe is in-
tercalated is similar to applying pressure on the pristine
TaS2.
The T -p phase diagram constructed reveals an an-
tiferromagnetic region which is separated from the
CCDW/Mott phase. We point out that the peak in
ρ(T ) shown in Fig. 1(a) was also observed in 1T-TaS2
at around 10 kbar, as displayed in Fig. 2(a) of Ref. [3],
although the feature was not discussed. Therefore, it is
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FIG. 3. Temperature dependence of the electrical resistivity
in Fe0.05TaS2 flakes with different thicknesses ranging from
9 nm to 131 nm. Note the logarithmic scale for the temper-
ature axis. Inset: the low temperature part of the resistivity
in the Fe0.05TaS2 flake with the thickness of 131 nm, where
a peak similar to the data on the bulk sample is observed, as
indicated by the arrow.
conceivable that a similar antiferromagnetic region has
also been stabilized in 1T-TaS2 under pressure. On the
phase diagram, the onset temperature of the supercon-
ductivity Tc,onset in Fe0.05TaS2 is also included. Tc,onset
increases slightly with an increasing pressure, morphing
smoothly into the maximum Tc region of 1T-TaS2.
Recently, magnetism has been stabilized in systems
such as CrI3 [25] and Fe3GeTe2 [26] even when they
approach the monolayer limit. To further examine
the thickness dependence of the antiferromagnetic state
in Fe0.05TaS2, we fabricate devices using flakes of
Fe0.05TaS2 with different thicknesses. Figure 3 displays
ρ(T ) for samples with different thicknesses. For the flake
which is 131 nm thick, a similar peak in ρ(T ) is observed
at 12.9 K (see also the inset). However, when the thick-
ness is reduced, the peak gradually disappears. Thus, the
sample with a thickness of 131 nm can be regarded as in
the bulk limit. At 9 nm, a striking log(T ) dependence
of the resistivity is instead observed from 300 K down
to the lowest temperature measured. From this dataset,
we conclude that approaching 2D limit is detrimental to
antiferromagnetism, and the antiferromagnetic order has
a substantial 3D character. This behaviour of antifer-
romagnetism is reminiscent of the case of dimensional
tuning in CeIn3/LaIn3 superlattices [27].
We now attempt to understand the source of the effec-
tive moment in Fe0.05TaS2 obtained from the Curie-Weiss
analysis mentioned above. The first candidate is Fe. In
TaS2, Fe is usually localized and enters as Fe
2+ [28–
30]. Thus, the spin-only effective moment due to Fe2+ is
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FIG. 4. Temperature-pressure phase diagram for 1T-TaS2
(bottom axis) and 1T-Fe0.05TaS2 (top axis). The top axis
is offset by 13 kbar relative to the bottom axis. The open
symbols are from Ref. [3], and the closed symbols are data
from this work. “I” denotes the CCDW and the Mott state,
“II” denotes the NCCDW state.
4.90µB/Fe or 0.25µB/f.u., which is smaller than the ex-
perimentally determined value of 0.865µB/f.u. The sec-
ond candidate is Ta4+, each contributes one 5d electron.
For Ta4+, the expected effective moment is 1.73µB/f.u.,
which is larger than our experimental result.
Nevertheless, it is possible to understand the second
scenario by considering the formation of David-stars in
TaS2. In the pristine TaS2, when Ta atoms form David-
stars, only the magnetic moment of the Ta atom at the
center of each 12-atom star contributes to the magnetic
susceptibility. Hence, if all Ta atoms participate in the
formation of David-stars, as in the case of the CCDW
phase of the pristine TaS2, the effective moment is ex-
pected to be reduced by a factor of 13, i.e. 0.13µB/f.u.
In Fe0.05TaS2 at ambient pressure, the system is in the
NCCDW instead of the CCDW phase. Hence, some Ta
atoms do not participate in the formation of David-stars,
resulting in a less substantial reduction of the effective
moment. Although microscopic probes are needed to
settle the origin of the magnetic moment, our analysis
allows us to tentatively attribute the measured effective
moment in Fe0.05TaS2 to Ta atoms.
The properties of 1T-TaS2 can also be tuned by the
substitution of Ta by Fe, i.e. forming the FeyTa1−yS2
compounds [11, 12]. The CCDW/Mott state can be fully
suppressed with a small amount of Fe (y = 0.01), and
the superconductivity can be induced at y = 0.02 and
y = 0.03, both in the NCCDW phase. At y = 0.04,
superconductivity disappears. At y = 0.05, the elec-
trical resistivity increases anomalously at low tempera-
tures, which has been attributed to the Anderson local-
ization [11]. The phases resulted from the Fe doping are
5clearly different from the present case of Fe intercalation,
in which such an increase in the resistivity is not observed
in Fe0.05TaS2. Thus, 1T-Fe0.05TaS2 can provide a model
system to further explore the magnetism and its interplay
with neighbouring phases.
The T -p phase diagram constructed in Fig. 4 displays
an extraordinary decoupling of the antiferromagnetism
from the Mott insulating state. Conventional wisdom
dictates the coexistence of these phases, because the elec-
tronic system can gain energy by arranging the adjacent
spins in the anti-parallel manner. Thus, it is urgently
needed to understand the mechanism that drives the sep-
aration of these phases. Finally, the role of the antiferro-
magnetic order and its fluctuations might be important
for the complete understanding of the superconductivity
in this system.
CONCLUSIONS
In summary, we have synthesized and studied single
crystals of 5% Fe intercalated 1T-TaS2, Fe0.05TaS2. An
antiferromagnetic phase is detected in Fe0.05TaS2, which
can be followed to ∼9.8 kbar. The thickness dependent
resistivity measurements show that the antiferromagnetic
order disappears with a reduction of the sample thick-
ness. The analysis of our high pressure resistivity data
demonstrates that Fe0.05TaS2 is located at ∼13 kbar with
respect to the temperature-pressure phase diagram of the
pristine 1T-TaS2. With the inclusion of the Fe0.05TaS2
data, the temperature-pressure phase diagram reveals
an interesting decoupling of the antiferromagnetic region
from the CCDW/Mott state, which warrants further the-
oretical and experimental studies.
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FIG. 5. (a) Scanning electron microscope image of Crys-
tal 1. The white rectangles are the spots we chose to perform
the measurements. (b) Energy-dispersive X-ray spectroscopy
result of “Spectrum 1” for Fe0.05TaS2 (Crystal 1).
APPENDIX: ENERGY-DISPERSIVE X-RAY
SPECTROSCOPY MEASUREMENTS
In this section, we present energy-dispersive X-ray
(EDX) spectroscopy results for Fe0.05TaS2. We measured
three pieces of Fe0.05TaS2 crystals. For each crystal, we
performed the measurement at 10 random spots. Fig-
ure 5(a) shows the spots for Crystal 1, and Fig. 5(b)
shows the spectrum corresponding to the spot labelled
“Spectrum 1”. The relative atomic abundances of Fe, Ta
and S are tabulated in Table I, and each entry is the result
of averaging the data over 10 spots. We set the atomic
abundance of S to 2.000, and normalized the abundances
of Fe and Ta to this value. Here, it is clear for the three
different pieces that the ratio Ta:S is close to 1:2. If Fe
atoms were substituting the Ta site, the relative abun-
dance of Ta would be less than 1. This shows that Fe is
an intercalant.
The distribution of the Fe content across different crys-
tals is probably responsible for the variation of the peak
temperatures determined from ρ(T ) and χ(T ).
6TABLE I. Summary of relative atomic abundances of Fe, Ta
and S for three different Fe0.05TaS2 samples.
Sample Fe Ta S (as 2.000)
Crystal 1 0.076 ± 0.013 1.046 ± 0.014 2.000 ± 0.019
Crystal 2 0.087 ± 0.010 1.086 ± 0.018 2.000 ± 0.014
Crystal 3 0.094 ± 0.008 1.107 ± 0.010 2.000 ± 0.013
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